The objective of this investigation is to understand the steady and the unsteady flow field at the exit of an automotive torque converter turbine and stator with a view towards improving it's performance. A high frequency response five-hole probe was designed and built to measure the three-dimensional steady and unsteady flow fields. The measurements were conducted in a stationary frame of reference and the data were processed to derive the flow properties in the relative (turbine) frame of reference. The experimental data were processed in the frequency domain by spectrum analysis and in temporal-spatial domain by ensemble averaging technique. The data show that the flow field is highly unsteady with high unresolved unsteadiness (approx. 17-21% of mean value) and significant blade-to-blade periodic component approx. 6% of mean value). The unresolved unsteadiness and periodic unsteadiness increase with an increase in the radius from the shell to the core whereas the aperiodic unsteadiness does not show any systematic variation with the radius. The experimental data reveal the presence of a low momentum region near the core due to possible flow separation and reattachment inside the turbine passage. Data also show the presence of strong secondary flow near the core and weak secondary flow near the shell at the exit of the turbine. These secondary flows generate high levels of turbulence. A comparison of the flow properties upstream and downstream of the stator in the stationary frame of reference indicate the presence of high losses near the core due to high turbulence levels and large secondary flows, and high losses near the shell due to possible corner separation near the shell suction surface inside the stator blade passage. The unsteadiness in the flow properties upstream of the stator is high. The rms value of the unsteady total velocity is approx. 20% of the steady state value. Periodic and aperiodic unsteadiness were also found significant. 
he torque converter flow field is very complex. It is three dimensional, viscous and unsteady due to the close coupling between rotor and stator elements. Additional complexities arise due to differential rotor speeds of the pump and the turbine. The unsteadiness is generated due to potential and viscous interactions at the rotor-rotor and the rotor-stator interfaces. The turbine and the pump passages are narrow, with long chord length and are dominated by viscous effects, separation and secondary flow. The nature and magnitude of the unsteadiness varies with several parameters including spacing between two blade rows, number of blades in both the rotor and the stator, thickness of the blade trailing edge, location of flow separation, secondary flows and other geometrical and operating parameters.
Many successful attempts have been made in the past
to measure the unsteady flow field inside the turbomachinery elements. However, very few attempts have been made to measure the steady and the unsteady flow field inside the torque converter. Bahr et al. (1990) measured the unsteady flow field in the actual configuration of the torque converter using Laser Doppler Velocimetry. The average intensity in velocity fluctuation at the stator inlet was observed to be 15 to 20 percent of the mean velocity, which is consistent with the present data. Brun et al. (1994) and Gruver et al. (1994) measured the steady and unsteady flow field inside the pump of a torque converter. Their results reveal the presence of strong secondary flows and large velocity fluctuations (approx. 20%) inside the pump passage. They also found that the secondary flow changes direction from the mid-chord to the trailing edge. Similar results were also observed in the computational efforts by By, Kunz and Lakshminarayana (1995) . They attributed this phenomenon' to the transportation of streamwise vorticity vector in a rotating curved passage. LDV measurements inside the turbine of a torque converter presented by Brun (1993) show a very complex flow field inside the turbine passage. A low velocity zone was observed near the core-suction surface near the leading edge of the turbine blade. The flow reattached near the core-suction surface before the midchord location and the low velocity zone was not observed. However, a low velocity zone was observed near the pressure surface at the mid-chord location indicating a thick boundary layer on the pressure surface at the mid-chord location. At the exit, two regions of low through flow velocity were observed near the core; one near the suction surface and other near the pressure surface. The flow near the shell was nearly uniform from pressure to suction surface. These observations are in agreement with the data presented in this paper. Another attempt, to measure the flow field inside a torque converter, was made by Browarzik and Grahl (1992) using a hot-film probe. The geometrical configuration used was simplified to facilitate the measurements. Also, the operating fluid was water instead of oil. Their frequency spectrum shows very high levels of unsteadiness at different frequencies which is consistent with the data presented in this paper.
The objective of the present investigation is to improve the performance of the torque converters through a detailed insight into the flow phenomenon in each blade row. The thrust of this paper is to understand the steady and the unsteady flow field at the exit of the turbine and the stator at maximum efficiency operating conditions. The steady flow at the exit of the stator is presented by Marathe, Lakshminarayana and Dong (1994) .
FACILITY AND INSTRUMENTATION
The torque converter test facility used in this research program is shown in Fig. 1 . Detailed description of the experimental facility and static pressure distribution on the stator blade is given by By and Lakshminarayana (1991, 1995) . This facility has five components: driver and absorption dynamometer, test section, oil system and control system. The driver dynamometer is a 30-HP DC motor that delivers the precise amount of torque or rpm specified by the control system and drives the pump. The turbine is connected to the absorption dynamometer, which is controlled to maintain constant torque or rpm. Tests were conducted at SR 0.0, 0.2, 0.4, 0.6 and 0.8 to simulate all the conditions the torque converter experiences in actual automatic transmission. The design speed ratio of the torque converter is 0.6. It has a maximum efficiency at SR 0.8 and minimum efficiency at SR 0.0. The data acquired at the exit of the turbine at SR 0.8 is presented and interpreted in this paper. The blade geometry, blade angles and inlet flow angle, (obtained from one-dimensional analysis) at this speed ratio, are shown in A miniature fast-response five-hole probe (1.67 mm tip diameter) was designed and fabricated to facilitate the measurements of the flow properties upstream and downstream of each of the blade rows. Details of the five-hole probe are shown in Fig. 2 The transducer drift introduces a maximum error of 0.5%. This results in a maximum 1-2% error in the velocities and 0.5% error in the static and total pressures. Corrections to the probe due to the blockage and the pressure gradient are incorporated into the data processing. The maximum cumulative error in the velocity and pressure measurements is estimated to be 2-3%.
SIGNAL PROCESSING AND AVERAGING TECHNIQUE
The method of deriving Po, Ps, o, [3 from the five-hole probe data is described by Treaster and Yocum (1979) . The unsteady pressure data from the five-hole probe is processed to obtain the instantaneous values of P0, Ps, o, [3. The data was processed using two different methods described later in the paper. The signals from the pressure transducers, connected to the five-hole probe, were processed digitally and also through a spectrum analyzer to determine the dominant frequencies. The dominant frequency was found to be that due to the turbine blade passing frequency. It is beyond the scope of this paper to discuss the details of the spectrum analysis.
The nature of unsteadiness can be classified as deterministic and non-deterministic or unresolved. The deterministic unsteadiness is generated by the rotor-stator or the rotor-rotor interactions and is normally periodic over one revolution/cycle. The deterministic unsteadiness can 7O B.V. MARATHE AND B. LAKSHMINARAYANA be further divided into two categories. 1) Passage-topassage periodic fluctuations 2) Passage-to-passage aperiodic fluctuations. The passage-to-passage periodic fluctuations are caused by the variation of flow properties from the suction tb the pressure surface in the upstream blade passages. The passage-to-passage aperiodic fluctuations are caused by the fluctuations at shaft frequencies and also due to variations in the passage-to passage flow due to 1) manufacturing defects 2) misalignment between the .stator and the rotors 3) vibrations due to eccentricity of the shaft and 4) unsteadiness induced by the oil pump. The periodic unsteadiness is caused by viscous and potential interactions. Viscous interactions change the magnitude and direction of absolute flow velocity and hence the incidence angle upstream of the stator blade row. The incidence angle to the stator differs from the design, and it is also unsteady. Hence, the stator operates not only at off design inlet angles .but also with considerable unsteady flow. The unresolved or nondeterministic unsteadiness is generated by free-stream turbulence and is normally random in nature. However the unresolved unsteadiness referred to in this paper includes random unsteadiness due to turbulence and other non-deterministic/random unsteadiness generated by sources not periodic over one cycle.
The signal from the pressure transducer was decomposed to deterministic and unresolved components. Since, the deterministic signal is generated by the relative motion between the stator and the rotor blade passages, it repeats over every revolution in conventional turbomachinery. However, for the torque converter the pump and the turbine rotors have different rotational speeds. As a result, flow conditions do not repeat over one revolution of any rotor. Hence, it was necessary to find the period over which the deterministic part of the signal repeats itself. At SR 0.8. the pump and the turbine shaft speeds (revolutions per second) are in 5:4 proportion. Hence, five revolutions of pump and four revolutions of the turbine are completed in identical time period. Since the rotational speeds are maintained with high accuracy (less than + 0.05% deviation in rpm), it can be assumed that the deterministic part of the signal will repeat after 5 revolutions of pump or 4 revolutions of the turbine. It should be noted that for speed ratios 0.6, 0.4, 0.2 and 0.0 the pump and turbine shaft speeds are in 5:3, 5:2, 5:1 and 5:0 proportions respectively. Therefore, the flow conditions (and relative positions of the blade) would be identical after five revolutions of the pump. [3, V etc.) . These values are then processed to obtain mean, periodic and aperiodic components of each flow parameter. Since the unresolved pressure component is removed from the instantaneous pressure signal, the values remain in the calibratJ.on range. Hence, less than 0.1% points were eliminated in the averaging procedure. Thus, the number of averages for each relative measurement position were constant. Also, the spacial error could be corrected in this method.
Hence, this method was thought to be more accurate for obtaining periodic and aperiodic components. The data presented in this paper has been processed by using the second method.
The passage-to-passage distribution of the important flow parameters, as well as the radial distribution of the steady and unsteady flow properties at the exit of the entire turbine passage are discussed in the sections that follow. Since the data obtained from the five-hole probe was in the absolute (stator, stationary) reference frame, it was processed to obtain distribution of the flow properties in the relative (turbine, rotational) reference frame. The tangential velocity at each radial location, in the rotating frame of reference, was derived using the equation W0 U-V0 where, U is the blade speed at the measurement radius and V 0 is the absolute tangential velocity component measured by the five-hole probe.
Using values of W e, W x and WR, the value of total relative velocity, relative stagnation pressure and relative yaw angle were obtained. All the velocities, in both the relative and the absolute frames of reference, were normalized by VREF. The pressures were normalized by reference dynamic head QREF" TURBINE EXIT FLOW IN RELATIVE REFERENCE FRAME A comparison of the distribution of the ensemble averaged relative total velocity in approximately three consecutive blade passages is shown in Fig. 3 . The flow is nearly periodic with aperiodicity in certain regions. The relative positions of low and high momentum regions are periodic. However, the shape .and size of these regions change from passage-to passage. It should be noted that the relative position of the pump blade passage is different by 0.141 passage widths for each consecutive turbine passage. As a result, the inlet flow in each blade passage is significantly different for each passage. This induces aperiodicity in the turbine exit flow field. The magnitude of the aperiodic component is comparable to the magnitude of the periodic component. However, the study of aperiodic flow properties is beyond the scope of this paper. Hence, passage-to-passage distribution of only periodic values is presented in the paper. However, the radial distribution of rms of aperiodic values is presented for comparison with the rms of periodic and unresolved components. Since the flow field under consideration is the turbine exit flow field, the properties are pressure coefficient is small. It should be noted that the distance between the probe and trailing edge of the turbine decreases with an increase in the radius (see Fig.   1 ). Hence, at lower radii (near shell) larger downstream distances between the probe and the turbine blade trailing edge cause larger wake decay and this results in smaller variations in the flow properties. Also, the flow field geometry near the turbine shell has a step in the flow path as shown in Fig. 1 . This step causes rapid flow mixing and diffuses the endwall boundary layers near the shell. As a result, the flow near the shell is nearly uniform. The variation of relative stagnation pressure in tangential direction is high near the core region, where a region of low stagnation pressure is observed close to the wakes. This region extends from H 0.520 to 0.767. This low stagnation pressure region corresponds to the region of low relative velocities discussed later in the paper. The low velocity zone could be attributed to the separation and reattachment of the flow inside the turbine blade passage near the core-suction surface comer. Also, the passage vortex near the core generates a low momentum region in the center of the vortex. This low momentum region can be observed in the mid-passage region.
In addition, a region of high relative stagnation pressure from H 0.643 to 0.767 can also be observed near the mid-passage in Fig. 4 . This may have been caused by acceleration of the flow due to the blockage generated by the low momentum region at H 0.520 to 0.643. The axial velocities in this region are found higher than those near the wake, as explained later.
The low relative stagnation pressure region near the core coincides with the low absolute stagnation pressure region (not shown). These low absolute stagnation pressures are attributed to the lower values of the static pressure and the axial velocity in that region as discussed later in the paper. A region of low absolute stagnation pressure is also observed at H 0.396 which coincides with the region of high relative stagnation pressure. This indicates that the high velocity jet in the relative frame is perceived as a low momentum region in the absolute frame of reference due to high values of axial and relative tangential velocities in that region. This also explains the lower values of (;PO)ABS near the shell and higher values near the core.
The radial distribution of the mass averaged relative stagnation pressure coefficient (Cpo)REL shows rather smooth distribution from shell to H 0.396 (Fig. 5) , with a sudden decrease from H 0.396 to 0.520 and a gradual increase towards the core from H 0.520. The low (Cpo)REr region corresponds to the low pressure core region shown in Fig. 4 . The values of (Cpo)IEL are generally lower from the mid-span to the core. Dong (1994) .
Velocity Profiles at the Turbine Exit
The distribution of non-dimensionalized relative total velocity behind the turbine (IizOl) is shown in Fig. 7 . The velocity distribution is nearly uniform near the shell with only 7% variation across the blade passage. The wakes are not well defined. The turbine wakes are thin due to small blade thickness and the flow mixes rapidly downstream of the turbine blade. Also the extended stator hub generates a step in the flow path near the shell (see Fig.   1 ). This step enhances the flow mixing and influences the streamline structure near the shell. As a result, the wake decays rapidly and the velocity distribution is uniform near the shell. A region of low total velocity is observed near the core which extends from the pressure to the suction surface and from H 0.55 to H 0.88. The low velocity region near the suction and the pressure side of the wake can be attributed to the flow separation and reattachment of the flow inside the turbine blade and also to the larger boundary layer growth on the pressure surface as observed by Brun (1993) at mid-chord of the turbine blade. The measurements by Brun (1993) confirm the presence of a low momentum region near the core-suction surface due to possible comer separation near the leading edge of the turbine rotor, and reattached flow with the low velocity region near the core-suction surface at the trailing edge of the turbine. Another possible cause of the low velocity zone is the presence of the passage vortex near the core discussed later in the paper. As mentioned earlier, the higher velocity near the mid-passage of the core region and also near the midpassage near H 0.396 is caused by flow acceleration due to the blockage caused by the low momentum regions near H 0.520 to 0.646.
The distribution of the absolute total velocity is shown in Fig. 8 passage. However, the flow reattaches and the low momentum region generated by the flow separation is transported towards the mid-span region due to strong secondary flows.
2) The shell boundary layer is mixed due to a step in the flow path geometry before it reaches the five-hole probe location and the core boundary layer is partially mixed with the secondary flows and partially bled into the core region through the gap in turbine and stator cover. This also explains the small amount of radial outward flow near the core observed in the radial distribution of the mass averaged radial velocity shown in Fig. 9 , and discussed later in the paper. Brun (1993) . It should also be noted that although the secondary flow is strong near the core the axial velocities do not show low velocities at the center of the vortex.
The passage-mass averaged axial velocity at the inlet of the stator was found to be 0.07% smaller than that measured by Marathe, Lakshminarayana and Dong (1994) at the exit of the stator. The radial distribution of the mass averaged axial velocity (Fig. 9) Brun (1993) .
Yaw Angle () Profiles at Turbine Exit
The contours of the yaw angle (measured from the axial direction) are shown in Fig. 11 . As indicated in Fig. 1 , the blade outlet angle is -61.5 degrees at the shell and -67 degrees at the core. The distribution of yaw angles is nearly uniform near the shell except near the wakes. The flow is substantially underturned in this. region, with higher underturning occurring near the wakes. This is consistent with the higher axial velocities observed in this region. A high flow turning region is observed near the core which corresponds to the region of low axial velocity discussed earlier in the paper. Axial flow turbomachinery turbine blades do not show large deviation angles except in the regions of secondary flow as reported by Zaccaria and Lakshminarayana (1995) . In the axial flow turbine rotors the flow remains attached to the blade surface and the effect of secondary flow is restricted to the 20% blade span near hub and tip endwalls. It should be noted that although the five-hole probe measurements were taken at 40% axial chord upstream of the stator, the thick leading edge of the stator blade generates significant blockage effect at the measurement location (which is approximately 2 leading edge diameters upstream of the stator leading edge). As a result, the flow deviates before it reaches the five-hole probe and the yaw angle measured is higher than the actual yaw angle at the exit of the turbine. The change in the yaw angle due to the deviation of flow caused by the stator leading edge is estimated to be as high as 10 degrees in the relative frame of reference. Hence, the flow deviation angle after the correction is approximately 5-15 near the shell. It should be noted that the flow turns by approximately 180 in x-r plane and approximately 130 in r-0 plane in a turbine passage. Hence, the flow deviation angle is small compared to the overall turning of the flow. The distribution of the yaw angle shows higher yaw angles in the low momentum core flow region. This can be explained as follows" The reattachment of the separated flow on the suction surface near the mid-span deviates the streamlines towards the suction surface causing overturning of the flow in the region of low momentum fluid. Another possibility is that the low momentum fluid region is generated due to the passage vortex and the overturning in the region of low momentum fluid is due to the overturning arm of the passage vortex.
The radial distribution of passage (mass) averaged relative yaw angles (i.e., yaw angles calculated from the mass averaged axial and tangential velocities) is shown in Fig. 12 . The flow is underturned at every location, with largest values occurring near the core, and the smallest values near the mid-span region. These values are attributed to the secondary flows and core flow region as explained earlier.
Pitch Angle () Profiles at Turbine Exit
The contours of the pitch angle 6 are shown in Fig. 13 Brun (1993) . The radial distribution of the passage-mass averaged radial velocity (Fig. 9 ) and the pitch angle (Fig. 12 very small and negative (inward) near the shell but significant near the core. High magnitudes of radial negative velocities near the core are caused by radially converging flow path from the turbine exit to the stator inlet and by the strong secondary flow near the core. As a result, the streamline angles change from high negative (-25 near the core to low negative (-5 near the shell. The uniform distribution of pitch angle near the shell (from H 0.149 to H 0.396) is the result of enhanced flow mixing due to the step in the flow path as described earlier in the paper. This observation is consistent with the data by Brun (1993) .
Secondary Flow Vectors at Turbine Exit
The secondary flow vectors (in the relative frame of reference) at the exit of the turbine blade passage are shown in Fig. 14 Fig. 16 . It should be noted that although the radial distribution of the total velocity distribution in the turbine reference frame is non-uniform, the velocity distribution in the stator reference frame is smooth. Comparison of the total velocities upstream and downstream of the stator show very small acceleration of the flow near the core and high acceleration near the shell. This is consistent with the flow turning angles (Fig. 17) which show higher flow turning near the shell and lower flow turning near the core. The mass averaged axial velocities (Fig. 16) upstream and downstream of the stator show identical distribution from shell to mid-span. However, the axial velocities upstream are lower than the axial velocities downstream from 55% to 71% of the blade span. This can be attributed to the low momentum region downstream of the turbine, due to possible flow separation and strong secondary flows, which are redistributed through the stator resulting in the higher axial velocities near 88% span. The distribution of mass averaged tangential velocity (Fig. 16) The maximum change occurs near the mid-span region.
The radial distribution of the mass averaged yaw angles (Fig. 17) show very small flow turning near the core region and higher flow turning near the shell. The distribution of yaw angles downstream of stator shows small variation from the shell to the core. However, yaw angle distribution upstream of the stator shows large non-uniformity in the radial direction. The maximum variation from the shell to the core is approximately 18 degrees. As a result the flow field inside the stator blade varies substantially from the shell to the core. The radial distribution of pitch angles show radial inward flow at the inlet and radial outward flow at the exit of the stator. The magnitudes of the pitch angles are smaller near the shell and higher near the core. The higher pitch angles near the core downstream of the stator could be attributed to the differential bending of the streamlines as explained by Marathe, Lakshminarayana and Dong (1994) . 
RADIAL DISTRIBUTION OF UNSTEADY FLOW PROPERTIES UPSTREAM OF THE STATOR
Where, P is a derived flow property (V, o, [3, Po, Ps etc.) and N is total number of points processed in a data set (typically 261000 points) All the quantities presented here are in the absolute frame of reference. These quantities represent the unsteady flow properties perceived by the stator.
Radial Distribution of rms of Unsteadiness in Absolute Stagnation Pressure
The radial distribution of various components (periodic, aperiodic, unresolved) of absolute unsteady stagnation pressure coefficients are shown in Fig. 18 pressure coefficient downstream of the turbine is approximately 9.9% of the stagnation pressure drop in the turbine blade passage near the core and approximately 5.6% of the turbine stagnation pressure drop near the shell. The total unsteadiness is highest near the core. It decreases smoothly to 40% stator span and remains uniform from 40% stator span to shell. The higher magnitude of unsteadiness near the core is caused by flow separation and reattachment, within the turbine passage, which generates the low momentum region. The secondary flow will also contribute to total unsteadiness. This increases turbulence and hence the unresolved unsteadiness. The total unsteadiness includes the periodic fluctuations. However, the magnitude of periodic fluctuation is directly related to the tangential variation of the flow parameters inside the blade passage. Hence, nearly uniform distribution of the flow parameters across the passage from shell to mid-span (as discussed earlier in the paper) generates lower magnitudes of unsteadiness from the shell to the mid-span, whereas low momentum region and secondary flow regions observed from the mid-span to the core cause higher values of total unsteadiness. The unsteady flow field is dominated by unresolved unsteadiness (which includes turbulence) which is nearly 80% of total unsteadiness near the core. The periodic and aperiodic components contribute approximately 10% each to the total unsteadinessl It should be noted that the aperiodic component is generated by several sources periodic over one cycle but not at the blade passing frequency. As a result, the contribution of the aperiodic signal is significant. However, detailed study of aperiodic signals is beyond the scope of this paper. Therefore, only the radial distribution of the rms values will be presented.
The ness are high (approx. 22% of the mean total velocity, Vol) near the c,ore due to the reasons explained earlier. A sudden drop in the unresolved unsteady total velocity is observed at 55% stator span from the hub. This drop is attributed to the drop in the unresolved unsteadiness in the tangential velocity (not shown) at the same radial position. Both relative and absolute tangential velocity distribution (not shown) indicate a nearly uniform distribution from suction surface to pressure surface at 55% stator span. The maximum variation is less than 10% of the mean value. This causes low values of unsteadiness in periodic and unresolved unsteady components of tangential velocity. This significantly reduces the unresolved unsteadiness in total velocity at 55% stator span. The other types of mixed flow turbomachinery also exhibit low velocities near the convex shroud endwall due to the separation. The flow field near the convex side separates due to curvature and the adverse pressure gradient. This results in the higher losses and lower velocities near the convex endwall as observed by Khalil et al. (1976) and Johnson and Moore (1983) . The influence of the endwall boundary layers on the flow field is more pronounced in the mixed flow turbomachinery than in the axial flow turbomachinery. As a result, the flow separation and reattachment of the flow near the core could result in high turbulence intensity and hence, high values of unresolved component. The contribution of the periodic and the aperiodic component of unsteadiness in total velocity is small (approx. 4-6% of Vol each). The periodic component shows nearly uniform distribution from the core to the shell except at 22% of the stator span where the periodic component is very small. This non-uniformity can be attributed to the smaller rms value of the periodic component of the tangential velocity. The distribution of aperiodic compo: nent is non-uniform near the core and nearly uniform near the shell region. This type of distribution is also observed in aperiodic components of axial and tangential velocities. The radial distribution of unsteadiness in the tangential velocities were found similar to those of the total velocity.
The radial distribution of passage averaged unsteady components of axial velocity (Fig. 21) The radial distribution of the unresolved component of the unsteady radial velocity is different from those observed for other components (Fig. 21) . The unresolved component is nearly-uniform from core to the mid-span and reduces gradually from mid-span to shell. Also the magnitudes of the unresolved unsteadiness are smaller than those observed for other unsteady velocity components. However, it should be noted that the magnitude of the total unsteadiness in the radial velocity is similar to that observed for other components of velocity, and pressure. A secondary vortex, observed near the core, results in lower stagnation pressure, lower static pressure and lower relative velocities in this region. The yaw and the pitch angles near the core are strongly influenced by the vortex. The secondary flow is weak near the shell and is swept away by the underturning flow. The influence of secondary flow near the shell is negligible. However, it influences the periodic components of unsteady velocities.
Each instantaneous unsteady flow property was divided into four components; time mean, periodic, aperi,-odic and unresolved. The unresolved unsteadiness of all properties dominates the unsteady flow field, which is consistent with the data reported by Brun (1993) . The unresolved unsteadiness in the velocity at the stator inlet is high (approx. 20% of the mean value) near the core and moderate near the shell (approx. 14% of the mean value). These magnitudes indicate very high levels of turbulence at both the core and the shell regions. The periodic component generated due to the blade-to-blade distribution of the steady state flow properties in the turbine reference frame is significant. Due to closed loop circuit path and close spacing of the blade row, the pump flow field influences the unsteady component at the inlet to the turbine generating unsteadiness at frequencies which are combinations of the blade passing frequencies. As a result, the aperiodic component is also significant. Although, the fluctuations of radial component of the velocity are highest among the three components, the unsteadiness in the tangential velocity and static pressure show maximum influence on the unsteady total velocity and stagnation pressure.
The radial distribution of flow properties upstream and downstream of the stator indicates higher losses near the core and the shell and slight increase in the stagnation pressure near the mid-span. High losses are caused by the thick boundary layer near the shell suction surface and due to the low momentum region near the core whereas the slight rise in the stagnation pressure is due to the redistribution of the stagnation pressure inside the stator. The radial distribution of the static pressure is influenced not only by the swirl velocity but also by the meridional streamline curvature. The distribution of the axial velocity. at the inlet and the exit is identical except in the region of low momentum fluid where a redistribution of axial velocity is observed. The distribution of radial velocity at the inlet of the stator is also similar to that at the exit. However, the radial distribution of the tangential velocity changes significantly, from inlet to the exit of the stator, due to higher flow turning (approx. 20 
